Citation: Song P, Dudinsky L, Fogerty J, Gaivin R, Perkins BD. Arl13b interacts with Vangl2 to regulate cilia and photoreceptor outer segment length in zebrafish. Invest Ophthalmol Vis Sci. 2016;57:4517-4526. DOI: 10.1167/iovs.16-19898 PURPOSE. Mutations in the gene ARL13B cause the classical form of Joubert syndrome, an autosomal recessive ciliopathy with variable degrees of retinal degeneration. As second-site modifier alleles can contribute to retinal pathology in ciliopathies, animal models provide a unique platform to test how genetic interactions modulate specific phenotypes. In this study, we analyzed the zebrafish arl13b mutant for retinal degeneration and for epistatic relationships with the planar cell polarity protein (PCP) component vangl2.
PURPOSE. Mutations in the gene ARL13B cause the classical form of Joubert syndrome, an autosomal recessive ciliopathy with variable degrees of retinal degeneration. As second-site modifier alleles can contribute to retinal pathology in ciliopathies, animal models provide a unique platform to test how genetic interactions modulate specific phenotypes. In this study, we analyzed the zebrafish arl13b mutant for retinal degeneration and for epistatic relationships with the planar cell polarity protein (PCP) component vangl2.
METHODS. Photoreceptor and cilia structure was examined by light and electron microscopy. Immunohistochemistry was performed to examine ciliary markers. Genetic interactions were tested by pairwise crosses of heterozygous animals. Genetic mosaic animals were generated by blastula transplantation and analyzed by fluorescence microscopy.
RESULTS. At 5 days after fertilization, photoreceptor outer segments were shorter in zebrafish arl13b À/À mutants compared to wild-type larvae, no overt signs of retinal degeneration were observed by light or electron microscopy. Starting at 14 days after fertilization (dpf) and continuing through 30 dpf, cells lacking Arl13b died following transplantation into wild-type host animals. Photoreceptors of arl13b À/À
;vangl2
À/À mutants were more compromised than the photoreceptors of single mutants. Finally, when grown within a wild-type retina, the vangl2 À/À mutant cone photoreceptors displayed normal basal body positioning.
CONCLUSIONS. We show that arl13b À/À mutants have shortened cilia and photoreceptor outer segments and exhibit a slow, progressive photoreceptor degeneration that occurs over weeks. The data suggest that loss of Arl13b leads to slow photoreceptor degeneration, but can be exacerbated by the loss of vangl2. Importantly, the data show that Arl13b can genetically and physically interact with Vangl2 and this association is important for normal photoreceptor structure. The loss of vangl2, however, does not affect basal body positioning.
Keywords: cilia, photoreceptor, Arl13b, Vangl2, planar polarity, retina, zebrafish C iliopathies refer to the collection of human disorders caused by defects in cilia. 1, 2 The primary cilium is a microtubulebased ''cellular antenna'' protruding from the surface of nearly all vertebrate cells. 3 These disorders vary across a wide clinical spectrum and involve organ systems, such as the eye, kidney, nervous system, bones, liver, heart, and gonads. 1 Syndromic disorders, such as Joubert syndrome (MIM 213300), Bardet-Biedl syndrome (MIM 209900), Jeune syndrome (MIM 208500), Meckel-Grüber syndrome (MIM 249000), or Senior-Løken syndrome (MIM 266900), are defined by the specific organs affected and the relative severity of the symptoms.
Joubert syndrome is a rare, recessive ciliopathy characterized by congenital ataxia and a distinctive midbrain-hindbrain malformation known as the ''molar tooth sign.'' Hypotonia, hepatic fibrosis, kidney cysts, polydactyly, and varying degrees of ocular disorders also can be observed. [4] [5] [6] Approximately 30% of individuals with Joubert syndrome exhibit retinal dystrophy, making this the most common secondary diagnostic feature. 7 To date, 22 causative genes for Joubert syndrome have been identified and the encoded proteins localize at or near the primary cilium. A genotype-phenotype correlation analysis of 440 individuals with Joubert syndrome revealed that retinal dystrophy was strongly correlated with mutations in the genes for CEP290 and AHI1, although the limitations inherent to analyses of rare disorders precluded associating phenotypes with specific mutant alleles. 7 Mutations in ARL13B (accession number NM_182896) are responsible for approximately 1% to 2% of Joubert syndrome cases 7 and patients with mutations in ARL13B exhibit abnormal eye movements, ptosis, and signs of coloboma. 5 The electroretinogram responses (ERGs), however, can range from undetectable to normal, 5, 8 leaving the role of Arl13b in retinal function unresolved. Arl13b is a member of the ADPribosylation factor-like (ARL) family of small GTPases 9,10 and localizes to cilia, but its function(s) are poorly understood, particularly in photoreceptor cell biology. As genetic interactions between mutant alleles of ciliopathy loci can modulate pathologic expression, [11] [12] [13] it is possible that mutant alleles of ARL13B also may contribute to other diseases and that alleles at other loci modulate the penetrance of retinal phenotypes in Joubert syndrome patients harboring ARL13B mutations.
The role of Arl13b in cilia formation was first documented in mouse 14 and zebrafish. 15 The mouse hennin (hnn/Arl13b) exhibited embryonic lethality and altered cilia architecture, 14 while the zebrafish scorpion/arl13b mutant had kidney cysts and cilia defects. 10, 15 In both cases, the retinal phenotype was iovs.arvojournals.org j ISSN: 1552-5783 not explored. Although Arl13b itself does not undergo intraflagellar transport (IFT) movement, axonemal defects have been observed in arl13 mutant worms 16 and Arl13b mutant mice, 14 which result in mislocalization of ciliary receptor proteins and destabilized movement of the IFT particle. These results suggest that phenotypes result from altered ciliary structure rather than ciliogenesis defects. 16 Such structural abnormalities could perturb transport and/or localization of ciliary proteins, resulting in slow degeneration of cilia. We examined the role of Arl13b in photoreceptors and tested the hypothesis that genetic interactions between Arl13b and Vangl2, a component of the planar cell polarity (PCP) pathway, exacerbate the ciliary defects in photoreceptors. Mutation of arl13b with vangl2 (accession number NM_153674) resulted in shortened cilia and photoreceptor outer segments and Arl13b biochemically interacted with Vangl2.
MATERIALS AND METHODS

Zebrafish Care and Maintenance
All animals were raised and maintained at 28.58C on a 14/10-hour light/dark cycle in integrated AHAB housing systems (Aquatic Habitats, Apopka, FL, USA) and performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH; Bethesda, MD, USA). The protocols were approved by the Institutional Animal Care and Use Committees at Texas A&M University and the Cleveland Clinic, and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Wild-type zebrafish were of a mixed AB*-Ekkwill strain. The arl13b (sco) hi459 and vangl2 m209 mutant lines were obtained from the Zebrafish International Resource Center (ZIRC) at the University of Oregon. The Tg(À3.2gnat2:eGFP) transgenic line, referred to as the TaC:GFP ucd1 , was used to label cone photoreceptors and was obtained from Sue Brockerhoff (University of Washington, Seattle, WA, USA). In this line, sequences from the cone transducin a promoter drive expression of GFP. 17 
Histologic Analysis
Larvae were euthanized in ice water and fixed in a primary fixation solution of 2.5% glutaraldehyde, 1.0% paraformaldehyde, and 2% tannic acid in PBS 18 at 28.58C for 20 minutes, followed by an overnight incubation at 48C with rotation. Specimens subsequently were processed using cold microwave technology in a BioWave microwave (Ted Pella, Inc., Redding, CA, USA). Primary fixation was completed at 208C by a 6-minute microwave cycle (2 minutes on, 2 minutes off, 2 minutes on) at 200 watts (W), with intermittent vacuum cycles (30 seconds on, 30 seconds off). Specimens were washed two times in 0.06 M phosphate rinse buffer (0.046 M NaH 2 PO 4 , 0.302 M Na 2 HPO 4 , pH 7.35-7.40) containing 0.002% CaCl and 3% sucrose for 15 minutes at room temperature with rotation. Specimens were postfixed in 1% OsO 4 (prepared in 0.06 phosphate rinse buffer) for 1.5 hours at 48C before completing fixation at 208C by a 6-minute microwave cycle as described above. Specimens were washed twice in 0.06 M phosphate rinse buffer for 15 minutes at room temperature. Specimens were dehydrated through a series of ethanol-water steps (10%-100%) in the cold microwave at 208C and 200 W. Ethanol was replaced with propylene oxide (PO) for 15 minutes at room temperature with rotation (32) . Specimens then were infiltrated with epoxy resin at room temperature. Transverse semithin sections (1 lm) and thin sections (100 nM) were processed as described previously. 19, 20 Grids then were imaged in a JEOL 1200EX transmission electron microscope and whole images were adjusted for brightness and contrast using Adobe Photoshop (Adobe Systems, San Jose, CA, USA).
Immunohistochemistry and In Situ Hybridization
Larvae were processed for immunohistochemistry, wholemount antibody staining, and in situ hybridization as described previously. 21, 22 Antibodies used included the 1D1 monoclonal antibody (a gift from Jim Fadool, Florida State University, Tallahassee, FL, USA) at 1:200 dilution, the mouse antiacetylated a tubulin (T7451, clone 6-11B-1; Sigma-Aldrich Corp., St. Louis, MO, USA) at 1:1000 dilution, the mouse monoclonal antibody Zpr-1 (Fret-43; Zebrafish International Resource Center, Eugene, OR, USA) at 1:200 dilution, and the rabbit polyclonal anti-Ift88 antibody 23 at 1:5000 dilution. Alexa Fluor secondary antibodies (Life Technologies, Frederick, MD, USA) were used at 1:500 dilutions. We used 4 0 ,6-diamidino-2-phenylendole (DAPI; 1:10,000) as a nuclear stain. Images were generated as z-stacks of optical sections collected using a Zeiss ImagerZ1 fluorescence microscope fitted with an ApoTome and AxioCam (Carl Zeiss, Thornhill, NY, USA) and processed with ImageJ and Adobe Photoshop. At least two independent experiments were performed for all immunohistochemistry studies and at least six larvae were sectioned and stained in each experiment. A minimum of 12 retinas were evaluated in each study. Statistics were calculated and graphed using GraphPad Prism6 (GraphPad Software, La Jolla, CA, USA). Immunohistochemistry and imaging of adult retinas for basal body analysis was performed as described previously. 21 
Mosaic Analysis
Mosaic retinas were created through blastomere transplantation. 24 Embryos were collected from pairwise crosses of arl13b
þ/þ adults and injected with 5% solution of lysine-fixable rhodamine-dextran (Life Technologies) at the 1-to 8-cell stage. Between 3 and 4 hours after fertilization (hpf), 20 to 40 donor cells were transplanted into the region fated for eye and forebrain of wild-type hosts. 25 After 24 hpf, embryos were allowed to develop in 200 lM PTU solution to prevent melanosome pigmentation. The phenotype of donor embryos was determined at 3 to 4 dpf. Host embryos were assessed for the presence of GFPþ donor cells in the retina by fluorescence microscopy at 4 days after fertilization (dpf). Mosaic fish were raised to the indicated time points and assessed by immunohistochemistry. Between 10 and 12 animals were evaluated for each donor-host combination at each time point.
Plasmids and Cell Culture
Human ARL13b cDNA was obtained from OriGene (Rockville, MD, USA) in the pCMV6-AC-GFP shuttle vector, which expresses a turbo green fluorescent protein (tGFP). The human VANGL2 cDNA was obtained from Origene, amplified by PCR and cloned into pCS2þ8 (Addgene, Cambridge, MA, USA). Clones were validated by Sanger sequencing. HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) in 5% fetal bovine serum (FBS) in 6-well plates according to standard procedures. DNA was transfected with Lipofectamine2000 (Life Technologies) when cells were approximately 70% confluent and cultured for 24 hours in serum-free media to induce ciliogenesis.
Immunoprecipitation and Western Blotting
Cultured cells were washed with PBS and lysed with m-PER buffer (Thermo Fisher Scientific, Inc., Rockford, IL, USA) containing a protease inhibitor cocktail (Roche, Indianapolis, IN, USA). Immunoprecipitation was performed using the Pierce Crosslink Magnetic IP and Co-IP Kit (Thermo Fisher Scientific) per manufacturer's instructions. Eluates were resuspended in 53 Laemmli-DTT buffer and resolved on 4% to 12% Bis-Tris Plus SDS polyacrylamide gels before being transferred to polyvinylidine fluoride (PVDF) membranes. Blots were blocked for 45 minutes with Tris-buffered saline with 0.1% Tween-20 (TBST) buffer in 5% milk and subsequently incubated for 45 minutes at room temperature with primary antibodies. Blots were washed in TBST and incubated for 45 minutes with secondary antibodies diluted in TBST in 0.5% milk. Blots were washed 3 times with TBST buffer and incubated with Pierce Clean-blot IP Detection Reagent for 45 minutes at room temperature. The rabbit anti-Vangl2 (EMDMillipore; Temecula, CA, USA) and rabbit anti-ARL13b (17711-1-AP; Protein Tech, Chicago, IL, USA) were used as primary antibodies for immunoblotting. The goat anti-VANGL2 (sc-46561; Santa Cruz Biotechnology, Dallas, TX, USA) was used for immunoprecipitations.
RESULTS
Zebrafish arl13b À/À Mutants Have Normal Retinal Anatomy
We analyzed the zebrafish arl13b hi459 mutant allele, which resulted from a proviral insertion within the 5 0 -UTR region of the arl13b gene and is referred to herein as the arl13b À/À mutant. 15 Previous studies have shown that the arl13b transcript is supplied maternally and arl13b hi459 represents a zygotic null allele. 10 Zebrafish carrying homozygous mutations in the arl13b gene exhibit defects in body axis curvature and kidney cysts (Figs. 1A, 1B) , traits commonly observed in zebrafish with ciliary defects. 15 Phenotypically wild-type siblings (arl13b þ/þ and arl13b þ/-) were grouped together (arl13b þ/? ). At 5 dpf the rod and cone photoreceptors have differentiated and outer segments can be identified. The arl13b À/À mutant larvae had normally laminated retinas with all nuclear layers present (Figs. 1C-F) . The photoreceptor outer segments appeared intact. We analyzed photoreceptor ultrastructure by transmission electron microscopy and again saw no qualitative differences in photoreceptor disc membrane organization (Figs. 1G, 1H ). These results were in contrast to several other zebrafish mutants and morphants of cilia and Joubert-related genes, such as components of the intraflagellar transport particle, 19, 23, 26 cep290, 27 and cc2d2a, 28 which all exhibited severe photoreceptor degeneration and disorganization in the outer segments.
Unlike motile cilia, which consist of nine outer microtubule doublets and two inner microtubule doublets (9 þ 2 configuration), the photoreceptor outer segment is a modified primary cilium that adopts a 9 þ 0 axonemal architecture that lacks the central pair. Defects in the outer microtubules of the axoneme were previously reported in motile cilia of the node in mouse Arl13b À/À mutants, 14 but microtubule organization was normal in motile kidney cilia of zebrafish arl13b À/À mutants. 10 We examined the ultrastructure of photoreceptor connecting cilia in cross-section and could not detect differences between wild-type and mutants (Fig. 2) . In crosssection, photoreceptor cilia appeared normal and were surrounded by numerous electron-lucent regions that are likely the calyceal processes ( Fig. 2A, arrows) . The lack of structural defects in kidney and photoreceptor cilia may reflect species-specific differences between zebrafish and mouse or that the architectural abnormalities only manifest in some ciliated tissues.
Loss of arl13b Leads to Shorter Outer Segments and Cilia
We next used immunohistochemistry to determine if the localization and trafficking of photoreceptor ciliary proteins occurred normally in arl13b À/À mutants. At 4 dpf, rhodopsin localized normally to the rod outer segments of wild-type and arl13b À/À mutants and no inner segment mislocalization was seen (Figs. 3A, 3B ). We noticed, however, that the size of the rhodopsin-positive outer segment was considerably smaller in arl13b À/À mutants. We used rhodopsin immunoreactivity as a surrogate for outer segment length and quantified the length of the outer segment as extent of rhodopsin staining along the proximal-distal axis of the outer segment (Fig. 3C) . Wild-type outer segments were 8.3 lm in length (n ¼ 16 embryos, 112 outer segments), while arl13b À/À mutant outer segments were 5.1 lm in length (38.3% shorter; n ¼ 9 embryos, 116 outer segments). To determine if this correlated with smaller cilia, we then quantified cilia length by measuring the extent of labeling with antibodies against acetylated a-tubulin (Figs. 3D-F) . Immunoreactivity against Ift88, a component of the IFT particle, was used to label the connecting cilium. 23 We found that arl13b À/À mutant cilia were significantly shorter than wildtype (3.9 vs. 1.6 lm; n ‡ 8 embryos, 170 cilia per genotype). While this is consistent with previous studies that reported smaller cilia in Arl13b-null mice and zebrafish, 10, 14 we cannot rule out the possibility that our results reflect reduced posttranslational acetylation of tubulin, which was shown to occur in Arl13b À/À null mouse embryonic fibroblasts. 29 It should be noted that unlike many other zebrafish cilia mutants and morphants, 19 
Arl13b-Deficient Photoreceptors Undergo Progressive Degeneration
To determine if loss of Arl13b would eventually lead to photoreceptor death, we generated genetically mosaic animals to place arl13b-deficient cells into wild-type animals that would live to ages beyond the lifespan of the arl13b À/À mutants. We hypothesized that arl13b À deficient cells would eventually degenerate and die. We bred the arl13b mutation to the TaC:GFP ucd1 transgenic line (see Methods) to genetically label cone photoreceptors with GFP. Embryos arising from a cross of heterozygous arl13b þ/À ; TaC:GFP ucd1 adults were grown to blastula stage (~4 hpf) and donor cells then were transplanted into nontransgenic wild-type blastula hosts (Fig.  4A) . Cell transplantation did not affect viability of hosts or donors. The mutant and wild-type donors then were distinguished by phenotype at 4 dpf. Hosts containing GFP-positive cones at 4 dpf then were selected and subsequently raised to 14 to 30 dpf. These hosts were analyzed by immunohistochemistry at the stated time points. Green fluorescent proteinlabeled photoreceptors would populate eyes unilaterally or bilaterally and would vary in clone size and location within the retina (Figs. 4B, 4C ). To determine if cells showed signs of degeneration, sections were stained with 1D1 to label rhodopsin. Clones of wild-type cells were identified by GFPpositive cones. Rods within these clones showed opsin localized exclusively to the outer segments (Fig. 4D) . In clones of arl13b-deficient cells, we observed mislocalization of opsin (Fig. 4E, arrow) , disorganization of the outer segment layer, and gaps where GFP-positive cones were missing. To estimate the extent of photoreceptor loss, both eyes from at least 10 hosts at 14, 21, 25, and 30 dpf of age were cryosectioned and analyzed for the presence of GFP-positive cones. If a single GFP-expressing cone was found in any section from a given retina, that host was considered to be ''positive'' for GFP donor cells. At 14, 21, and 25 dpf, 12/12 (100%) hosts still contained GFP-expressing cones from wild-type donors, while 11/12 (92%) hosts had GFP-expressing cones from wild-type donors at 30 dpf (Fig. 4E) . As early at 14 dpf, only 7/10 (70%) hosts still contained arl13b-deficient GFP-expressing cones. By 30 dpf, only 4/10 (40%) of the donors still had any GFP-expressing cones from arl13b À/À mutant donors (Fig. 4E) . These results strongly suggest that photoreceptors lacking Arl13b progressively degenerate and die while wild-type cells incorporate into the neural retina and survive at least a month after transplantation. Unfortunately, attempts to directly identify dying cells by TUNEL labeling or by immunoreactivity to caspase-9 were unsuccessful. At least two explanations could account for these results. First, cell death was only sampled every 4 to 7 days. TUNEL-positive cells typically are cleared within 24 hours and dying cells may have escaped detection during the larger window. Second, smaller clones undergoing progressive degeneration may lose cells in small numbers over a broad window of time, which also may be difficult to detect.
Genetic Interactions Between arl13b and vangl2
Because genetic interactions (i.e., epistasis) between ciliarelated genes can have additive or synergistic effects on ciliary phenotypes, 12, [34] [35] [36] we hypothesized that phenotypes associated with loss of arl13b could be exacerbated by partial or complete loss of function in other genes regulating cilia function. We previously demonstrated that the basal bodies of zebrafish cone photoreceptors localize at one side of the apical domain of the inner segment, in a phenomenon known as translational polarity. 21 This kind of polarity is regulated by the PCP pathway. 37 The transmembrane protein Vangl2 is a core member of the PCP pathway and is essential for PCP signaling. We found that vangl2 was expressed throughout the central nervous system in 5 dpf larvae (Fig. 5A) . Within the retina, vangl2 expression was strongest in the RPE and photoreceptor layer in zebrafish larvae at 5 dpf (Fig. 5B) . While the loss of Vangl2 does not impinge on cilia formation, asymmetric cilia orientation often is a critical factor in proper ciliary and cellular function. Therefore, we reasoned that arl13b may genetically interact with PCP genes. Using immunohistochemistry, connecting cilia lengths and photoreceptor outer segment area were analyzed in retinas of arl13b À/À and vangl2 À/À single mutants and arl13b
À/À double mutant larvae at 5 dpf (Fig. 6) . Cilia in the dorsocentral region of the retina were stained with antibodies against acetylated a-tubulin and quantified (Figs. 6A-D, 6I ). Compared to cilia in wild-type larvae (4.5 lm) loss of arl13b reduced cilia length (3.6 lm; P < 0.0001), whereas loss of vangl2 had no effect on cilia length (Fig. 6I) . This is consistent with previous maternal-zygotic vangl2 mutants that have normal cilia length. 38 The arl13b À/À ; vangl2 À/À double mutants had a significant reduction in cilia length (1.87 lm; P < 0.0001). Similar results were observed when rhodopsin staining was used to quantify outer segment area (Figs. 6E-H, 6J ). Wild-type outer segments averaged 29.5 6 1.3 lm 2 (mean 6 SEM) in area. Loss of arl13b reduced outer segment area by 31% (20.2 lm 2 ; P < 0.0001), whereas no change in outer segment length was observed in vangl2 mutants (27.9 lm 2 ; P > 0.05). Loss of arl13b and vangl2 reduced outer segment area by 46% (15.8 lm 2 ; P < 0.0001).
Arl13b Forms a Complex With Vangl2
We next tested if a biochemical link exists between these two proteins. HEK293-T cells were transiently transfected with constructs expressing human Vangl2 and/or a human Arl13b-GFP fusion protein. Protein extracts were used for immunoprecipitation using an anti-Vangl2 antibody and subsequently immunoblotted with antibodies against Arl13b. A band at approximately 85 kDa (Fig. 7A, black arrow) , which corresponded to Arl13b-GFP, was detected in protein extracts containing Vangl2 (Fig. 7A, lane 1) , but not in the absence of Vangl2 (Fig. 7A, lanes 2, 3) . The specificity of the Arl13b antibody was confirmed by immunoprecipitating extracts with the Arl13b antibody and immunoblotting with the same antibody (Fig. 7A, lanes 4, 5) . This antibody also detected two nonspecific bands of lower molecular weight (Fig. 7A , white arrows). In reciprocal experiments, protein extracts were immunoprecipitated with antibodies against Arl13b and immunoblotted with anti-Vangl2 antibodies. Vangl2 was detected as a single band at approximately 60 kDa in extracts containing Arl13b (Fig. 7B, lane 1) , but not in extracts lacking Arl13b (Fig. 7B, lane 3) . These results suggested that Arl13b and Vangl2 may exist in a specific protein complex important for outer segment development or stability. 
Vangl2 Is Not Essential for Basal Body Positioning or Photoreceptor Survival
We next wanted to know if Vangl2 could have an important role in establishing the translational polarity of basal bodies in adult cone photoreceptors, or in long-term photoreceptor survival. Zebrafish vangl2 À/À mutants are lethal and do not survive beyond larval stages. To further investigate the requirements of Vangl2 in adult photoreceptors, blastula transplantations were conducted to place vangl2 À/À ;Tg(TaC:GFP) cells into wild-type host embryos and the hosts were grown to adulthood. We previously documented that in wild-type zebrafish red, green, and blue cones, the basal bodies align on the cell periphery, on the edge leading toward the optic nerve. 21 To assess basal body positioning in vangl2 À/À mutant cells, cryosections of flatmounted retinas were stained with antibodies against c-tubulin. The vangl2 À/À mutant cones could be identified by GFP fluorescence in the cell body, while wild-type cells lacked GFP fluorescence. The identity of the specific cone subtypes was identified by the position within the row mosaic and the vertical tiering within the outer nuclear layer. We quantified the angular positions of basal bodies within multiple fields of wildtype and vangl2 À/À mutant cells relative to the optic nerve and graphed on circular plot (a detailed description of the methodology was published previously 21 ). As noted previously, the basal bodies of wild-type red-green double cones localized on the apical edge toward the optic nerve (Figs. 8A, 8C) . The basal bodies of vangl2 À/À mutant red-and green-sensitive cones also exhibited strong polarization toward the optic nerve (Fig.  8C) , suggesting that Vangl2 is not essential for translational polarity. In wild-type and vangl2 À/À mutant clones, the UVsensitive cones failed to exhibit the same translational polarity (Figs. 8B, 8D ), as we reported previously. 21 In transverse cryosections of wild-type hosts containing vangl2 À/À mutant clones, we found no difference in peanut agglutinin (PNA) staining of cone outer segments within the clone compared to cones outside the clone (Fig. 8E) , suggesting vangl2 À/À is not required for cone outer segment formation or cone survival. Similarly, we found no evidence of rhodopsin mislocalization or shortening of outer segments in vangl2 À/À mutant rods, that would have indicated rod degeneration (Fig. 8F) .
DISCUSSION
We showed that: (1) mutation of arl13b in zebrafish results in shortened cilia and photoreceptor outer segments, (2) arl13b À/À photoreceptors degenerate over weeks, (3) arl13b genetically interacts with vangl2 to regulate the length of photoreceptor cilia, (4) Arl13b and Vangl2 biochemically interact in cell culture, but (5) Vangl2 is not essential for photoreceptor survival or for basal body positioning in zebrafish adult cones. To our knowledge, our work is the first to examine the consequences of arl13b loss on retinal anatomy in any species, including humans, and provides insight to the epistatic relationships that may influence disease variability in ciliopathies.
Retinal degeneration is considered to be a common feature of many ciliopathies, 2 but the degree of visual dysfunction varies greatly within Joubert syndrome patients. 39 The mutations causing Joubert syndrome occur in at least 22 genes coding for proteins that localize to the primary cilium or basal body. While some estimates suggest that 70% to 100% of Joubert syndrome patients have ocular abnormalities, 40 this number often reflects reports of ocular nystagmus and little is known about retinal histopathology. Fundus examinations in a small study of 8 unrelated patients with unknown genetic lesions found that 3 individuals (38%) showed signs of retinal dystrophy, but all 8 patients had normal ERGs. 39 A separate study of 13 Joubert syndrome patients, however, found that 6 had undetectable ERGs and pallor of the optic disc, indicating that retinal involvement in Joubert syndrome varies. Importantly, the clinical variability in retinal degeneration cannot be attributed primarily to the causative mutation, as siblings with identical mutations can have different clinical features. 5, 41 The presence of additional modifier alleles may explain this variability and reinforces the need for studies that investigate potential modifier alleles.
12
Arl13b Function in Cilia
In many cell types, Arl13b localizes to proximal ciliary compartments and positively regulates cilia length. 14, 29, 33, 42 Arl13b is thought to function as the GEF for Arl3, 43 an Arl family member that is important for trafficking of lipidated proteins. In mouse, zebrafish, and worms, shortened cilia are the only common phenotype observed to date in the absence of Arl13b. Defects in axonemal microtubules can occur in Caenorhabditis elegans amphid cilia and the mouse node, 14, 16 but microtubule structure was normal in zebrafish kidney and photoreceptor cilia (Duldulao et al. 10 and this study). Furthermore, loss of Arl13b reduces the posttranslational acetylation and glutamylation of tubulin. 29 It is unclear, however, if Arl13b directly regulates these posttranslational modifications or if these phenotypes are secondary to the architectural changes in the axonemes of Arl13b-deficient cells. Missense mutations in the GTPase domain cause Joubert syndrome in humans, and expression of GTPase mutant forms of Arl13b do not rescue the mutant phenotypes in zebrafish and cannot increase ciliary length when overexpressed. 10, 33 These mutant proteins do, however, localize normally to cilia, suggesting GTP hydrolysis is required for Arl13b function but not ciliary targeting. 5, 10, 33 Slow Degeneration of arl13b À/À Photoreceptors
The time course of photoreceptor degeneration observed in zebrafish arl13b À/À mutants differs from that seen in other zebrafish models of Joubert syndrome and other ciliopathies. For example, mutation of cc2d2a or morpholino knockdown of cep290, two other causative genes for Joubert syndrome, resulted in abnormal outer segment assembly, trafficking defects during larval stages, and cell death. 27, 28 Our previous work demonstrated that mutation of IFT genes ift88 and ift172 completely blocked outer segment formation in zebrafish 19 and that loss of bbs4 led to photoreceptor degeneration within 5 dpf. 44 Although immunoreactivities for markers of the outer segments and cilia were shorter in arl13b À/À mutants, we did not observe phenotypes consistent with early rapid degeneration, such as reduced numbers of photoreceptors, mislocalization of opsin, or disorganized outer segment disc membranes at 5 dpf, which is seen typically in other mutants. Rather, arl13b-deficient photoreceptors were lost over the course of weeks and this was determined only through blastula-transplantation.
Interactions Between Arl13b and Components of the PCP Pathway
The genetic and physical interactions between Arl13b and Vangl2 provide a new link between cilia and the PCP pathway. It is well documented that genetic interactions between ciliopathy genes can modulate phenotypic severity in species ranging from worms to humans. 11, 12, 16, 45 In C. elegans, epistatic relationships exist between arl13 and the genes bbs-8, nphp-2, and nphp-4, 16, 46 which are the orthologs to the ciliopathy genes BBS8, NPHP2, and NPHP4. Epistatic interactions between BBS genes lead to more severe phenotypes in humans and zebrafish. 11, 13 The links between ciliopathy genes and PCP components also have been described. Genetic interactions between Bbs genes and Vangl2 caused early embryonic lethality and hair cell defects in mice. 47 The absence of Bbs8 or Ift20 altered the membrane localization of Vangl2 in the cochlea, possibly by disrupting physical interactions within a complex. 48 In zebrafish, genetic interactions between bbs genes and vangl2 regulated CE phenotypes during gastrulation. 47, 49 Our knowledge of genetic interactions modulating photoreceptor phenotypes has thus far been limited to interactions between known ciliopathy genes 12, 45 and almost nothing is known about the function of PCP genes in photoreceptor biology. We previously showed that basal bodies in zebrafish cones show exquisite translational polarity and align asymmetrically on the cell edge nearest the optic nerve, consistent with a role for planar polarity. 21 Somewhat surprisingly, loss of vangl2 did not affect basal body positioning. At least two possibilities exist to explain these results. It is possible that Vangl2 may be functionally redundant with Vangl1 and loss of both proteins may be required to disrupt basal body positioning. Alternatively, Vangl2 may not be required at all and other signaling pathways function to establish translational polarity. Either way, the translational polarity of basal bodies is unlikely to occur through chance and active mechanisms would be required to maintain such asymmetries.
Implications for Human Disease
Although mutations in ARL13B account for a small percentage of Joubert syndrome cases, the data from zebrafish may provide insight into the time course of retinal degeneration in these patients. To date, two families have been identified with mutations in ARL13B and retinal degeneration is variable in children under the age of 10. 5 In one family, one sibling presented with obesity, pigmentary retinopathy, and no recordable electroretinogram, while his affected siblings had normal ERGs and no obesity. 50 One prediction is that the child with early degeneration carries pathogenic alleles in secondsite modifier genes, while the siblings possess mutations only in ARL13B and will undergo a slower retinal degeneration. Thus far, none of the core PCP genes has been implicated as a causative or modifying allele in human ciliopathies. Given the growing evidence from animal studies that PCP components regulate cilia function, we hypothesized that PCP genes represent likely candidates for such modifier alleles.
